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ABSTRACT

This document is the final report of analyses and testing of stability
augmentation systems accomplished under NASA-langley Research Center Contract
NASLI-11833 and is intended to be used as a working reference in future program
activities. The document describes testing of Dr. Nissim's flutter suppression
concept accomplished on the NASA 1/17 scale supersonic transport wing model.
Analytical results show a 9,0 percent increase in model flutter true airspeed
at Mach = 0.9, An initial evaluation of a conventional flutter suppression
system shows that the flutter mode damping ratio can be increased to [ = 0.2 using
leading and trailing edge control surfaces at a speed 9.8 percent above the
flutter gpeed. Further analysis of the conventional system iz required to
determine the actual flutter speed improvement and to define a configuration
for testing on the wing model.

A ride control system using horizontal canards was analyzed for the 1/30
scale B-52E aeroelastic model and the full scale CCV airplane. The ride control
system reduces pilot station RMS vertical acceleration due to random gusts more
than 30 percent. Analysis of the full scale alrplane maneuver load control system
shows a reduction of 10 percent in the wing root design moment.

RETRIEVAL REFERENCE WORDS:
Aerocelastic Models
Flutter Suppression Systems
Ride Control Systems
Maneuver Load Control Systems
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1.0 INTRODUCTION

This document is the final report of stability sugmentation system
analyses and testing accomplished from 28 June 1972 to 28 Sept.1973 under NASA
Langley Research Center Contract NAS1-11833. This study is a contimuetion of
work accomplished under NASA Contract NASL-10885 from 25 May 1971 to 2k May 1972
(reference 1) and is intended to be used as a working reference in future program

activities.

Section 2.0 describes flutter suppression system analysis and synthesis
conducted on the NASA one-seventeenth scale supersonic transport wing model.
Mechanization and testing of the leading and trailing edge surface actuation
systems are alsc discussed in this section.

Section 3.0 discusses the ride control system analyses for a 375,000
pound gross weight B-52F airplane and the NASA one-thirtieth scale B~52E gero-
elastic model. Mechanization and testing of the model horizontal canards are
also described in Section 3.0, - ‘ o

Analyses of the B-52E airplane maneuver load control system are
contained in Section 4.0, - - o

BDEING|NO, p3-515
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L4 ’ A
2.0 - SST WING MODEL FLUTTER SUPPRESSION SYSTEM

This section describes an evaluation study of the flutter suppression system
(FSS) concept developed by Dr. Eliahu Nissim on the NASA one-seventeenth scale super-
sonic transport (83T) wing model., The study demonstrated feasibility of testing the
active flutter mode control system on the 88T wing model in the Langley transonic
dynamic wind tunnel. The system was mechanized on the model using Boeing-developed
electrohydraulic actuation systems for the model control surfaces. Wind tunnel
testing was conducted with Boeing support in January and Mey, 1973.

2.1 Background and Introduction

An analytical study was conducted under Contract NAS1-10885 in 1971 and
1972 to determine performance of Dr. Nissim's flukter suppression system on a five
degree-of-freedom SST wing math model. The system required complex feedback gains
and ideal actuation systems, Results of this study are contained in Section 2.0 of
Boeing Document D3-8884 (Reference 1). Based on these results, midspan control sur-
faces and feedback accelerometers located along the inboard edge of the surfaces at
30 percent and 70 percent of the wing chord were selected for wind tunnel demonstration.

Analyses presented in this report were conducted for a nine-degree-of-
freedom math model with the flutter suppression system approximated for practical
mechanization and the ideal system as specified by Dr. Nissim. Primary objectives
of the current analyses were to determine open and closed loop flutter dynamic
pressures at Mach 0.9 and 0.6 using the non-ideal system. The results, presented
in Section 2.3, show that flutter dynamic pressure increases of 18.4 percent gt
Mach 0.9 and 15.1 percent at Mach 0.6 can be attained with the flutter suppression

systen, ;

An analog simulation study was conducted to evaluate performance of the
non-ideal flutter suppression system on the model in the presence of wind tunnel
turbulence. Test condition of Mach 0.9 and 136 psf dynamic Pressure was selected
for the study. Section 2.4 describes the similated equations, approximated flutter
suppression system and results of the study.

A study was initiated to synthesize an independent flutter suppression
system with real gains and linear filters using the surfaces and sensors used in
- the NASA system. Results of this study are discussed in Section 2.5,

Section 2.6 discusses development of electrohydraulic actuation systems
for the model leading and trailing edge control surfaces, and installation of the
systems in the model, '

2.2 Math Model

Ground vibration tests (GVT) of the wing model with the control surface
actuation systems installed were conducted at NASA to measure plate type mode shapes
of the first ten vibration modes. Generalized mass and stiffness estimated from the
GVT data were used to generate equations of motion for the wing model for Mach 0.9

BIEING|NO. 3 o015
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v v
and 0.6, The equations were writtenwith wind tunnel velocity and fluid mass density
as explicit functions to permit veriations in dynamic pressure by varying either the
velocity or the mass density, or both: A 95 percent Freon and 5 percent air environ-
ment was assumed for the wind tunnel. . ' '

In the equations, structural damping was assumed to be zero; Doublet-
lattice unsteady lifting surface theory was used to obtain aerodynamic loading.. The
resulting complex matrices of unsteady aerodynamic coefficients were transformed
through a curve fitting procedure to rational functions of the Laplace transform
operator, S5, with fourth order dencminators. The equations were then rearranged
to the form Lo e e

o+ '/"V([ RJ+ ):; [RJ[#/# *JbLDWS = {03

where: _ . ‘
iq_ j (5)3 = Elastic and control surface displacement degrees~
of'-freedom
$ = Laplace t:i-ansform‘operator
/2 = Fluid mass density (95% Freon, 5% air)

\/ = Velocity of fluid _réla.tive to the wind

\,\/9 = Vertical gust |
CMJ,CKJ D]
Cc,1c.d,Ce,]
CbiJ,Ldy;]
' [ Roj = Vertical gust coefficients
CR.ILCD,]
Numerical wvalues of the matrix elements for the two test conditions are

presented in Section 2.7. Locations of the control surfaces and doublet-lattice
panels are shown in Figure 2.1, The sign convention used in the equations is:

Structural mass, stiffness, and demping

11

Aerodynamic parameters

Lift growth parameters

Parameters associated with unsteady aerddyna.mics’.

]

X - Positive aft

Y - Positive outboard
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Z = Positive up
Trailing edge surface displacement - Positive trailing edge down
Leading edge surface displacement - Positive leading edge up

The spanwise lengths of the two control surfaces included in the equations
of motion were 5.88 inches or 11.76 percent of the wing semispan. The trailing edge
surface width was 20 percent of wing chord. However, a constant width of 3.65 inches
was used for the leading edge surface so that the surface could be installed in the
model without cutting the alumimim alloy plete that formed the model elastic struc-
ture. : : E

2.3 Flutter Suppression System Evaluation

All model analyses were conducted with the tenth elastic mode excluded
from the equations of motion because the generalized mass of this mode could not be
accurately estimated from the GVT data.

. The ideal flutter suppression system (Reference 1) required feedback vari-
ables proportional to displacements, but in phase with retes. Since mechanization
of a constant phase lead with constant gains at all frequencies was not practical,
a& method was developed which closely approximated the ideal system in the flutter
frequency range. The approximation was based on the assumption that as the flutter
condition was approached, the sensor outputs would be primarily simusoidal signals
at the flutter mode frequency. For a sine wave, the 90 degree phase lead can be
obtained by dividing the signal derivative by its frequency in radians per second.
Therefore, the imaginary gains of the control law were approximated by S/w, where
'S' is the Laplace operator and 'o' is the flutter mode frequency in radiens per
second.

A constant frequency of 75 radians per second was assumed for analyses
at both conditions. The following transfer function represented the leading and
trailing edge actuation system:

Ssurrace B B8 (8 + 10)(1#08)2 : deg

SCommand (s + 8)(s2 +(.7)(408B) 5 + uoga) deg

Accelerometers were used for feedback sensors and the sensor outputs were integrated
to obtain rates and displacements. Integration was mechanized using, /(82 +25 +1),
to reduce low frequency drift in the closed loop system. Figure 2,2 is a block
diagram of the mechanized flutter suppression system, .

2.3.1 Mach 0.9 FS88 Analysis

Analyses were conducted at Mach 0.9 using the approximated FSS described
in Section 2.3, The fluid velocity was assumed constant at 457 fps and the dynamic
pPressure was varied by chenging the wind tunnel fluid density.
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Figure 2.3 illustrates the stability behavior of the open and closed
loop model characteristic roots with inerease in dynamic pressure. The open and
closed loop dynamic pressure root locus of the flutter mode is expanded in Figure
2.4. The open loop first elastic mode crosses the imaginary axis at 141.5 psf
dynamic pressure and the closed loop flutter dynamic pressure is 167.5 psf. This
represents an increase of 18.4 percent in dynamic pressure and nine percent in wind
tunnel flutter speed. The closed loop characteristic roots were also obtained with

the following FSS variations:
‘a. Ideal FSS at 135 and 155 psf dynamic pressures.

b. Twice nominel feedback gains at 125, 145, 155 and 170 psf dynamic
- pressures.

c. Washouts with time constants of 1, 2 and 5 Hz included in both FSS
channels. -

The effects of gains and washout time constant variations end a compari-
son of ideal and approximeted FSS are shown in Teble 2-1. Figure 2.5 shows plots
of open and closed loop flutter mode damping ratio vermis dynamic pressure.

2.3.2 Mach 0.6 FSS Analysis

The FS3S5 shown in Figure 2.2 was also used for Mach 0.6 analysis. Wind
tunnel fiuid velocity was constant at 307.6 fps and dynamic pressure wag varied by
changing wind tunnel fluid mass density.

The open and closed loop dynemic pressure root loci, Figures 2.6 and
2.7, show similar root locus for the flutter mode. The second vibration mode
becomes unstable at 185.5 psf with the FSS off, but the flutter dynemic pressure
increases to 213.5 psf with the FSS8 on. Therefore, 15.1 percent increase in
flutter dynamic pressure and 7.3 percent inerease in flutter speed are attained
with the F8S. Figure 2.8 shows open and closged loop flutter mode damping ratios
ag a function of wind tunnel dynamic pressure. : ,

2.4 Analog Simulation Study

An analog simulation study was conducted to evaluate the flutter sup~-
pression system as it would be mechanized for the wind tunnel testing. The five
degree~-of-freedom math model developed under Contract NAS1-10885 (see Reference 1)
was used with the unsteady serodynamics omitted. These equations were used hecause
the similation study was conducted before the new equations were generated. The
feedback control law was approximated by a period measuring system to estimate the
instantaneous frequency of the feedback gignal. Actustor and Preamplifier dynemics
and approximate integrators were included in the simulation. Wind tunnel turbu-
lence was simulated by low frequency (0.1 to 32 Hz) white noise. Figure 2.9 shows
8 block diagram of the closed loop system. The actuator dynamics shown in the
blgiktdiagram were based on preliminary estimates of the actuation system cap-
ability.
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2.4.1 Mathematical Model

The math model was simplified to permit simulation of the full five
degreeg-of-freedom on one EAT 231R consols Effects of unsteady aerodynamics were._

omitted from _the equations by replacing ($+ Vd ) anJ $/($+va) bﬂ _V_ “j

and ‘/Vb

For further s1mp11ficat10n these equatlons were written in the form shown below:

§0126*+In.1 "IN 64D, ] N3 %5+ {[NJ CvJ+DnIM ¥ ]$}Ws {o}

where [ I] = Identity matrix

[N =Cme pcT
[n] =[o+evea+ ﬂvg ]
In =[k+evic,] |
[¥.] =LevR,]

[v.) =[e L &1

The simulation study was conducted at Mach 0.9 and 136 psf dynamic pres-
sure. The flutter mode was unstable at this condltlon ag shown by the listing of
open loop rootg in Table 2-T1.

TABLE 2-T1T

OPEN LOOP ROOTS AT MACH 0.9 AND 136 PSF -
DYNAMIC PRESSURE

Mode Root
1 +1.76 £ j 72,51
2 -23.5L % j 85.7
3 " =30.54 % j 131.8
4 -12.13 t j 229.1
5 -34.5% = j 287.9
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2.kh.2 Control Law Approximation

. The ideal control law of the flutter suppression system was:
_ N h ‘
ng 0 ~-5.6 h'/b J 10 o - |.5 \ ‘/b .
. | t+ e | 13 77¢
s?g . o - l - * d V ‘ --6 N .% “
where _ ' '
ad = j]i-g (hl - h2) - Approximste wing angle of attack -
y . Radians, positive leading edge up

bip = Leading edge control surface deflection -
Radians, positive leading edge up

= Trailing edge control surface deflection -

8 '
TE Radians, positive trailing edge down
hy = Vertical displacement at 30 peréent chord - positive up -

h2 = Vertical displacement at 70 percent chord - positive up

Wing chofa length at sensor locations

n

c

The surfaces on the mid-span strip and the sensors located‘along the
inboard edge of the strip were utilized for the system, :

The 90 degree phase lead of the control 1£m-was approximated by-% for
physical realization and, therefore, the control law was revised to: - '

(sl o =e]{ 7Y, o =]g%
ol

- L d B

STE (o] -‘-H' U -'6 -a. L ol

The period measuring system shown in Figure 2.10 generated a voltage
proportional to the period of the input signal. Figure 2,11 compares caleculated
and measured voltage at the output of period measuring system for different fre-
quencies of the input signal. ' '

The flutter suppression system was further approximated with 8/ (82 +8+1)
approximate integration and assumed preamplifier dynamics of S/(S+1) and electro-
hydraulic actuator dynamics of '

Ssurface _ _84500(s +10) deg
Scommand (s+8)(s® +210 s+325%)  deg

were used in the feedback. )
BOLEINEG|NO. D3-90u5
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2.4.3 Results of the Simmlation Study

Effects of the'peridd measuring system, feedback gain variations, wind
tunnel turbulence and actustor dynamies variations are discussed in the following
paragraphs, : '

Open #nd closed loop modal responses.to a 573 degree'step input to the
trailing edge surface are shown in Figure 2,12, Nominael gains with & constant fre-
quency of 75 rad/sec in the 'S/w' channel were used for the control law,

Figure 2.13 shows closed loop responses with a constant 75 rad/sec fre-
quency and with the period measuring system in the out-of-phase channel of the
control law. A comparison of the responses in Figure 2,13 indicates that identical
system performance is obtained with either the constant frequency of 75 rad/sec_or
the period measuring system in the feedback.

The control law gain variation study was conducted with constant 75
rad/sec frequency in the S/w-channel. Respenses to 0.573:degree step trailing
edge surface commands are shown in Figure 2.14 with: '

a. Only the out-of-phase gains
b. Only the real gains.

Closed ‘loop responses in Figure 2.14 show that the nominal cut-of-phase
gains have negligible influence on the FSS performence. However, when the out-of-
phase gains were increased by factors of four or more with nominal real gains, a
high frequency mode (probably the fifth elastic and actuator coupled mode) beceme
unstable. A typicel high frequency instability due to increased 6TE/h gain is

; 1 -
shown in Figure 2.15.

~ The effects of the real gains, 5LE/Q and § /a, on closed loop flutter
mode damping ratio are shown in Figures 2.16 and 2.17, from which it appears that
8rp/a is the most effective gain of the control law. Gain variations in Figures
2,16 and 2.17 were made with the remaining out~of-phase and real gains at nominal
values., When §,../« gain is zero, the closed loop flutter mode becomes neutrally
stable, but a sggstantial increase in damping is attained when this gain is doubled.

Wind tunnel turbulence was simulated by low frequency Gaussian white
noise filtered through a first order lag. The turbulence excited the inherent
instability of the open loop model, but as shown in Figure 2.18, the closed loop
turbulence resporises were stable. The period measuring system was used to realize
the out-of-phase gain of the control law.

A deviation from the ideal FSS is caused by extra gain and phase intro-
duced into the feedback by the actuator dynamiecs. The nominal actuator dynamics
presented in Section 2.4.2 introduced an attemuation of 0.835 and a phase lage of
10 degrees at the flutter mode frequency of 11.5 Hz. Figure 2.19(a) shows the
closed loop responses with actuator dynemics of':
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Ssurface _ (1!-90)2 7 _ deg .
Soomand 52 + (0.428)(490) 8 + (4go)2  de8

which has a gain of 1.012 and phase lag of 3.7 degrees at 11.5 Hz. Effects of
larger phase lag on FSS performance 1s shown by closed loop responses in Figure
2.19(b) with actuator gain of 1.005 and phase lag of 48 degrees at the flutter
mode frequency. Responses in Figure 2.19 were obtained with nominal system gains
and constant frequency of 75 rad/sec in the ocut-of-phase channel. A comparison
of the responses in Figure 2.19 indicates that larger phase lag in the control
law decreases the FSS performance, _

Approximate integrators were used to derive rate and displacements from
the accelerometer outputs because perfect integrators would introduce large low
frequency (less than 1.0 rad/sec) gains. Effects of perfect integrators in the
system are shown in Figure 2.20 which exhibit e steady drift caused by perfect
integration of the low frequency components of the white noise. The same res-

. ponses with the approximate integrators are shown in Figure 2.18. The responses
shown in Figures 2.12 through 2.19 were also obtained with the approximate inte-
grators. . , o
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2.5 Synthesis of New Flutter Suppression System

An analysis was started to synthesize a flutter suppression system for
the wing model using a conventional root locus analysis. The desired system would
be independent of the system developed by Dr. Nissim, but it would utilize the same
accelerometer locations and control surfaces. The analysis is not complete, but a
system has been developed that provides better than 0.2 damping on the flutter mode
at Mech 0.9 and 170 1b/ft2 dynamic pressure.

2.5.1 Performance Objective

The performance objective for the new flutter suppression system is to
provide at least 30 percent increase in flutter velocity for the wing model at Mach
0.6, 0.7, 0.8 and 0.9, without significantly déstabilizing any other structural
vibration mode. The system gains need not be the same for each Mach mumber, but
it is desired that any feedback filtering required be invarient through the Mach
number range,

The performance objective translates into a 69 percent increase in
dynamic pressure at flutter over the unaugmented model. The predicted increase in
dynamic pressure for the NASA system was only 18 percent at Mach O, 9 and 15.1 per-
cent at Mach 0.6 (see Section 2.3).

The new system will require no modification to the model for the wind
tunnel tests. It is desired that the system can be mechanized on an analog computer
so that a change from the NASA system can be accomplished by at most a change in
patch boards and resetting potentiometer coefficients on the computer. This will
facilitate testing of both systems during one wind tunnel entry. .

2.5.2 Synthesis Study

Analyses have been completed at only one condition, Mach 0.9 end 170
lb/ft dynamic pressure. The nine degree-of-freedom equations of motion discussed
in Section 2,2 were used. The leading and trailing edge control surface electro-
hydraulic actuation systems were represented by the transfer function used in the
evaluation of the NASA system discussed in Section 2,3,

The synthesis study began with a brief evaluastion of feedback formed by
several combinations of the two accelerometer signals., The combinations were eval-
uated using one surface at a time. The best leading edge surface system evaluated
to date uses differential acceleration (Hj - Hp) to work the wing torsion mode, as
shown in the leading edge surface loop of the block disgram shown in Figure 2,21,
The root locus of this system, Figures 2.22 a, b and ¢, shows that the flutter mode
is stabilized and that none of the higher frequency modes are destebilized at the
nominal gain. The open and closed loop damping ratios for all nine modes are tabu-
lated in Table 2-IIT.

The trailing edge surface system uses the aft accelerometer oﬁtput as
shown in the block disgram in Figure 2.21. This system also stabilizes the flutter
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TABLE 2-1IT

WING MODEL FLUTTER SUPPRESSION SYSTEM STABILITY

Free Wing Pole

Damping Ratios

Location
Tleading Edge | Preliminary Trailing Edge
Surface . Combined Surface
Mode o] ® Free Wing | System Only Systen System Only
9 - 6.09° | 360.0 0.0169 0.0166 - 0,0191
8 - 0.740 1 301.0 0.00245 0,00243 - 0,00kk5
7 - 9.81 | 285.0 0,0343 0,0350 - 0.0238
6 - b.6h | 238.0 0.0195 0,015k 0.0158 0.0111
5 -23.2 235.0 ~ 0,0985 0.0656 0.1015 0.1566
b -17.5 157.0 0.1108 0.0901 0.2512 0.0748
3 - 3.61 | 150.0 0.0241 0.,0360 0.0278 0.00919
2 -2h.5 9%.9 0.2L452 0.1451 0.0767 0.2170
1 2,94 72.6 -0, 040k 0.1343  0.2022 0.0636




v

mode while slightly decreasing damping of some of the higher frequency modes {see
Table 2-IIT). The root locus for this system is shown in Figures 2.23 &, b and c.

The block diagram shown in Figure 2.21 shows one combination of the
two systems that offers definite potential. The leading edge surface system is
used at nominal gain, and the trailing edge surface system gain at one-fourth the
nominal gain., Damping of the first six modes with this system is also shown in
Table 2~IT1T. ‘ A

Figure 2,24 shows the analytical q-{ plot at Mach 0.9 for the basic
wing and the approximate Nissim system. Damping of the flutter mode at the one
condition analyzed is shown on this figure for the nominal leading and trailing
edge surface systems and the combination of the two. This figure illustrates the
potential increase in flutter dynamic pressure with this system.

2.5.3 Remaining Work

, A flutter suppression system using the model leading and trailing edge
control surfaces has been synthesized to provide better than 0.2 damping ratio at
Mach 0.9 and 170 lb/ft2 dynamic pressure., This system must be evaluated at other-
dynamic pressures at Mach 0.9 to establish a complete V- trend. The system should
also be evaluated at Mach 0.6 to determine any changes that are required.

The final system will be evaluated to determine the leadiné.and trailing
edge control surface activity required to give the predicted performance.
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2.6 Control Surface Mechanization

Development of electrohydraulic actuation systems for the model leading
and trailing edge control surfaces was initiated under Contract NAS1-10885 in 1971.
Components for the systems were selected and assembled for breadboard testing. Re-
sults of breadboard testing this system indicated that the trailing edge surface
actuation system would be unstable with position feedback only. An spproximate,
linearized mathematical model was developed to predict the additional feedback
compensation required for stability. The work accomplished under this contract
including drawings for installation of the systems in the model, is documented in
Section 3 O of Reference 1. ‘

This section desecribes the completion of analyses and installation a.nd
testing of the systems in the model. This work was accomplished at Boeing-Wichite
under Contract NASL-11833. The model was returned to NASA and used in testing the
flutter suppression system develnped by Dr. Nissim in Jahwary and May, 1973.

The following paragraphs are written to complement Section 3 0 of
Reference 1. The same nomenclature will be used here.

2.6.1 Baseline System

Results of testing the baseline system were used in Reference 1 to
develop an approximate, linear mathematical model. The eguations derived accounted
for the hydraulic fluid between the servovaelve and actuator as an equivalent second
order fluld-actuator mode. Servovalve dynemics and structural compliance of the
actuator shaft were included. Testing of the baseline system with the model trail-
ing edge control surface showed the gystem to be unstable at the desired position
loop gain. Required additional feedback compensetion was identified through a root
locus analysis of these equations. The compensation was incorporated into the base-
line system and predicted stebility verified through dynamic testlng.

2,6.1.1 Analysis

The block disgram of the baseline system with position feedback is sghown
in Figure 2.25 (see Figure 3.9 of Reference 1), The position loop gain root locus
shown in Figure 2.26 predicts the system instability encountered during dynamic
testing. As position feedback gain increases, the actuator pole at the origin and
the lower fregquency hydraulic fluid-actuator lnertis pole come together and split
off the real axis to form the dominant closed loop mode, This mode crosses the
imaginary axis at about 4.0 volt/deg position gain. The coupled control surface
mode becomes unstable at about 1.5 volt/deg. The servovalve mode becomes better
damped as position loop gain is increased. ' .

Correlation of the instability encountered in testing the baseline sys-
tem with the analytical model is not clear from the root locus. The instability
appeared as a sustained 55.9 Hz oscillation at about 550 psi supply pressure. This
lower pressure would give different servovalve and actuator dynamic charascteristics
than were assumed in the mathematical model. It should be noted that the mathe-
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matical model was developed to predict trends for determination of additional feed-

back compensation required to stabilize the system. A discussion of the limite-
ta.ons of the derived equations is presented on page 68 of Reference l‘,

Actuator shaft angular rate feedba.ck was investigated as potentia.l feed-
back for the actuation system. The gain root locus of the rate feedback loop, Figure
2,27, with 1.0l volt/deg position gain (426.5/sec positionloop gain) indicates rate
feedback would increase the dominant mode damping. However, a potential instability
of the coupled control surface mode was predicted. Physical size of d.c. tachometers
would not permit installation at the actuator. shaft, Thus spproximate derivative
of the shaft angular position was analyzed but the results were not accepteble.

The actuator and surface equations of motion were subsequently used to
derive the transfer function relating differential pressure across the actuator
vane (load pressure) to shaft angular position. This was done 10 permit eveluation
of load pressure feedback for the system.  The two equations of motion, derived in

- Reference 1, are -— — — e

d _ ~
ng dt * e 3% t K€y ~KsBy = CalP-F) £ CaP -
2 ‘

Ko, + I G& + KGy=0

Assuming ZETO 1n1tial cond:.tions, the La.pla.c:e tra.nsfom of the equations is

(1,08 + 0y 8 +K )e,,.m Ky, ($)= CAPL ()
K Op ($)+ (T4 ¢ +K,,)esc$,)=

The surf‘ace angular def‘lec'b:.on, 0, ,. can be eliminated to prodlice

(Imé t Dg et Kdopy ()~ ga—s"a 8, (#)=Cu P (£)

a
where (.(fs = K’/ I s » From this equation, the desired transfer function can
be formed: :

PL ($) = ($a+ u:)(12g$a+ Deg & + Ks') sz.': PSTRAD
G'A C (5 +w'5

which can b'e reduced to the form

PL ($) IEQ $ { $ Ign $ + ( Tei + Uf,a ) $ + I? Uga} PS%EG
O, 573C, | FENRES | ,
| | . BOEINGINO. 13-l
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Substituting values for IEQ’ BQ’ A’ Ks and hréa'determined in Reference 1, the

transfer function becomes

PL ($] - .0-0094 B [$§.$ + 4 TTTx10 $ +( oooﬂ + 31«0 )$ + 4.777;10 (3.1“ 10 JZ
" 57.3(.0615) $2 4 391 x 105 - |

- a. a : .9 .
9 [$ {$ + 4771 %  + 8,303 x (0 $ + 1LPeR tnq'}]
5% 4 3.9 5108 )

il

2,383 10

-4 [’$ (';'" + 46.06 t J'c.m.if.a)'( ¢+ wce%.?s)] ' Psly ‘
DEG
$ 1,635,393

= A.3%3=x 10

. Figure 2.28 shows the actuation system block diagram with load pressure
feedback for 1.0) volt/deg position feedback gain. The load pressure feedback
signal is passed through a washout to eliminate steady state position errors due
to 'a static load on the actuator.

The root locus for this cage is shown in Figure 2.29., As the pressure .
feedback pgain is increased, damping of the domlnant second order inecreases, but
the servovalve damping decreases, indicating that a relatively low gain must be
used. Damping of the coupled control surface mode increases slightly, due pri-
marily to the complex zercs being off the maglnary axis, rather than on the axis
for the shaft rate feedback root locus. ,

2.6.1,2 Testing

Load pressure feedback was added to the baseline actuation system and
subsequent testing showed that the system could be stabilized. CEC strain gage
pressure transducers, part nmumber L-326-0008, were installed at the servovalve
control ports and differential pressure formed on an EAT TR-U48 analog computer.
The washout for the load pressure feedback was also formed on the analog computer.

Figure 2,30 shows a frequency response of the baseline gystem with losad

Pressure feedback. This response was obtained with only O.75-volt/deg position
feedback gain. The amplitude is flat within +0.20 degrees up to 50 Hz, but the
phase lag is greater than desired in the 5 to 25 Hz range. No attempt was made

to improve the baseline system performance. The primary result of the baseline
system testing is the fact that load pressure feedback with washout would give

a stable system with the degree of damping on the dominant mode adjustable by
adjusting the pressure feedback galn.
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2.6.2 Model Modification

The wing model was modified at BoeingJWichlta to 1ncorporate electro-
hydraulic actuation systems for the leading snd trailing edge control surfaces.
The model had been received from NASA with the surfaces already fabricated.

- Angular position transducers were developed, using silicon photocells, to mount

at the actuator shafits without v1olat1ng the wing surfaces.

After the systems were installed, they were tested to verify th&t
satisfactory performance for the flutter suppression system testing could be
attained. The model was then reshipped t6 NASA, where engineering support wes
provided in setting up the model and conducting wind tunnel tests.

2.6.2.1 Actuation System Installation

Figure 2.31 is a photograph of the model with the complete actuation
systems installed. The servovalves were mounted on the alumimum plate at the

" wing inboard edge, which is under the fuselage fairing when the model is mounted

in the wind tunnel test section, The hydraulic lines, and wiring for the posi-
tion transducers, were laid in troughs cut into the balsa forming the airfoil
shape. These troughs, and the area around the actuators, were covered prior to

the wind tunnel tests.

The photograph in Figure 2.32 shows the details of the trailing edge
surface actuator installation, The actuator is cantilevered aft from the model
aluminum alloy structural plate s6 the actuator shaft lines up with the surface.

~hinge line., The alumitmm tubing the surface is mounted on was split so the

actuator shaft could slip intc the tubing inner diameter. A special clamp was
fabricated to slip over the tubing to effect coupling of the actuator shaft and
surface by tightening the screw in the clamp. Subsequent testing showed this
methed to be ineffective, so a tapered pin was installed through the tubing and
actuator shaft. The leading edge surface actuator, shown in Figure 2.33, was
installed in a similar manner, with the actuator cantilevered forward to allgn
the actuator shaft with the surface hinge line.

Special elbow fittings were fabricated for both actuators to provide
O-ring seal at the actuator ports. Clippard Instrument Laboratory, Inc., #10-32
to 1/8-inch tubing comnectors (Part Number 11923) were modified to add O-rlng
seal where the tubing connects to the elbow fittings.

Both photographs show the angular position transducers installed on
the actuators. The photocell assemblies consist of two Sensor Technology, Inc.
ST-203 cells mounted on a common brass base with 0.010 inch gap between the
cells., The assemblies are mounted on phenolic eylinders which in turn mount on
the actuator shaft. General Electric #328 6-volt d.c. instrument lamps are
used as the light source. The lamps mount in sockets supported by phenolic
blocks that are cantilevered from the actuator bodies. A semicircular disk is
installed in the phenolic to create a semicircular area of light encompassing
half of both ecells in the null position., As the cell assemblies rotate with
the actuator shafts, the change in illumination area of the cells is proportional -
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to the tangent of the angle of rotation. Twenty-turn, 500 ohm trim potentiometers
are used to load the cells and provide balance for the cells' outputs with the
wiper wired to the bress base. . '

Linearity was measured by mounting a transducer on a shaft with a New
England Instrument 78ESB102 potentiometer mounted on the other end of the shaft
and comparing cutput voltages for a given displacement. - The transducer and poten-
tiometer output voltages were scaled on the TR-48 analog computer. Plots of angu-
lar displacement indicated by the transducers versus displacements indicated by
the potentiometer are shown in Figures 2.3L4 and 2.35, These plots show good
linearity in the *10 degree range of the actuators. '

2.6.2.2 Test Results

Both actuation systems were tested after installation in the model to
demonstrate that desired performance could be attained. Feedback loops for the
systems were mechanized on a TR-48 analog computer which was also used for input/
output functions. The general test set-up is shown in Flgure 2.31.

Frequency responses for the two systems are shown in Figures 2.36 and
2.37. These responses, for two degree input amplitude, show actuator amplitude
flat to within 0,24 degree in the 5 to 25 Hz range. Phase shift in this range is
26 degrees for the leading edge actuation system and 23 degrees for the trailing

v

edge system. The leading edge surface actuator had more friction than the trailing

edge surface actuator, as indicated in the hysteresis plots shown in Figures 2,38
and 2.39. Hysteresis of the leading edge system measured about +0.08 degrees,
with only +0.04 degrees measured on the trailing edge system. The leading edge
surface actuator was new and not completely broken in when this data was recorded.

The system step responses, Figures 2,40 and 2.41, indicate slightly
less damping for down surface displacements {positive deflection) than for up
displacements. The desired damping ratio on the dominant second order was 0.30.
The trailing edge system peak overshoot indicates sbout O.4 damping, and the
leading edge about 0.3,

No attempt was made to improve the system performance because different
pressure transducers were to be installed at NASA. The phase requirement for the
flutter suppression system was later relaxed to 20 degrees or less at the 12 Hz
flutter mode frequency, across the actuation systems. The goal of no more than
15 degrees phase lag at 25 Hz (as stated in Reference 1) was found through system
evaluation analyses to be unnecessary.
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2.7 Supporting Data

This section contains a listing of mumerical values of the equations
of motion described in Section 2.2, Generalized mass and stiffness estimated from
GVT data are the same for Mach 0.9 and Mach 0.6 test conditions. Structural damp=-
ing was assumed to be zero., The first ten elements of the 12 x 1 {qj vector
represent ten elastic modes of vibration; the eleventh and twelfth “° elements
are for the leading and trailing edge control surfaces. Model coefficients are
given for accelerations on the midspan strip as shown below:

{L’i(S)} = & [pam] {q J}
where {Hi(s)} are accelerations at locations shown in Table 2-IV
' {qj} is the generalized degre_e;-of-free&om ve@tor
' [PHI%] is the modal matrix.

TABLE 2-TIV . _
LOCATIONS OF ACCELERATION GIVEN BY MODAL MATRIX

Row Spanwise location Chordwise Location
1 Midspan Surface; Inboard Edge |30 Percent (from L,E,)

2 " " Inboard Edge |70 "
3 " oo Centerline 35 "
i " " Centerline 70 "
5 " " Outboard Edge| 30 "
6 " o Outboard Edge|70 "
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M 12 X 12

anw 1
C3.0720F 030 11T TR S S 4Fm b 7583216 05— 55 3203E=05 - 18729506 -
~4,A280F~06 -7.35525-05 7.0512F-05 -1.3414E-)4 1.0535F 02 ~4.3709% 02

e 2 .
L LTRIE-D4 9, FTR0E 0263 60FEF—05 - 1s26965=-05 1. 2040505 &, 08245-05
-3 4828 - Qﬁ —1 29TLE~05  S.30RBF-N5 —1.5923E—04 T9526F 01 —2 £6TSE 02

RMW 3
T 58lT=—05~“ﬂmﬂ&=#=-%%~—4~%%ﬁﬁﬁ—ﬁa——QTafaapw95——3—1%oﬁp-ﬁﬁu—5—f9eﬂp-ﬂq—
-I.IZOAF-OR —7.9170F 16 3.314TE=06 -9,5605F-05 -4.399%2F 01 -2.9*37E 07

ROW 4 : '
T 9RYLF=05" ~1sBATHE=IF 156451 F=05—Ls4400F 03— 635545E-06 ~ 5 34]5F-05
~B463IE=16 =G, 4T TLT=206 T.E2945E-06 -2.73955-05 -1.5349F 0O} —2_2?635 02

POW S5
- B, AASEF=05 — |4 91375-15~“?3=13?F-thm?.6?94‘—06“"4.9790F 03 =-7.0572E=05

—1 7166F =05 -6 4373%-26 =1.0490E~C5% -4.7684F~06 -l.ﬂ+?TF 07 —1.6+??F 02

ROW &
—1-300 7wat.—ﬁ—ﬁ4ﬁwaﬁ—+-aﬁ%ﬁs—+~m&=-aﬁﬂwﬁ%ﬁ-ﬁ*r~mcw—ﬂa—
~1.26967~06 ~4.,29155-05 -1, 1158E-04 -8, 5331E-05 -2.2101F 02 -3.45125 02

anwy 7
=5 .,462165F=0 6~—2.790’L-ﬁﬁ“w+w013’ﬁ-ﬁq——6.43735-06——1.+186c-05 -1.00145—05
7.0290E 02  T.ST72F-36 =1,3232EFE~05 1.31135~08 —1.5567F 01 1.2274F C?

RAYW B ‘ : |
=T TR HE—DGm] BTG4 Em BBy 3 4 4 TE—0 i 15 L OBEF— 05 — 2544395~ 06 ~1, 91 T35-05

l l#lﬁc 75 5, 0400F 0% —=4,76RAE-07 3,4400F~-05 3.2984F 01 2.29465 02

ROW S
ﬂ—7(313qF-q‘“—&“ﬁ?t%ﬁ—ﬁg——¢*¥ﬁF#F—ﬂﬁ*—ﬁ"#%?aﬁ-66——4*?%26F*ﬂ&“'i—IQGQF-ﬂ#-
-1.1444r-0q *6.0797t 5% 2.8900€ 03 -2.,3510FE-06 —1 5D10F 62 *1 3?325 02

ROW 1N S ‘
-l ,3A0BF-N4 =], 5473004 ~1:25656=04 =3, %??Ff N5 =2 ,3A10F~06--8.86932E-05~
1.%186F=05 J,5175F=-N5 =2,8147F=06 (7.30007 D3P A,9202F 01 4.3310F 02

ROW 11 :
1.05316F 02 -7.952AF —01-=4,3922F--01 —1.5349% 21 -1 0477F02--2,2121F 02~
*1.1567r 21 3.20%’: Ol =1.5010F N2 $.9292F 01 5.54C9E 02 0.0

RNW 12
a3 FO O R By T O A P B IATE DI 2P PHOE— B2 — b BT E—DE—IsH SR EOP—

1,237aF D2 2 ?ﬂhac 02z -1 1?%?F 0? 4.%J10F 02?2 o 0 3,:311c q3

W MM 16 MASS HAS AT BEEN DETERMNED -~ W15 i3 4 Dummy VALVE -

aaslmalNo D3-5245
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'K*- 12 X 12

g e e - .
ROW 1 : _
“he TRTAS- 06— 0 &0 - -

0.9 0.0

ROW 2

0e0 - om0 3TORE ~ Y P B Yy Qe 00~ <040
0.0 7,2 0.0 0.0 0.0 ) 0.0
ROW 2 :

——G-.—G ‘:}‘3 '1;913??;'“'5? Ja U - G.‘h? GU_G
0.0 0.0 9.0 0.0 0.0 0.0
RAW 4 : .

B T R Ly 00— 344 FLE 07— 0i 000
0.0 0.0 0.0 0.0 0.0 0.0
ROW 5 _ : o

Qe Q<0 O O 2:17308-08 -—0v0 -
N.0 Q. O 0.0 0.0 3.0 0.0
ROW 6 .

—073 : GOG A’_GG J e l) C‘.G i.?i"}tﬂ:"ﬁ’a’__
0.0 0-0 O-O OOO 000 0-0
RIOW 7 E

S0, 0 050 350 —0 O 040
5.87865 07 0.0 .0 0. 0 0.0 0.0
ROW 28

“0.07 050" 05 0 Qe O =03~ 0 40
9.0 4,6130E 0% 0,0 0. 0 0.0 0.0
ROW ©9 . :

—3e 0 15 s O OO 0<0— 00—
0.0 37 3.8473F 03 0,0 0. 0 0.0

POW 10
0.0

P A._.._:_O - .9_._._._ _.m-“wn .
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: e 12 x 12 - . o : - ‘ an{o 9
ROwW 1 ' ' _ .
2eHGHTF D4 - B, 5644F- 33-—1. 34FRE-04— -V o DHTTE- 04 - 78.1419F~03 1.3821F 04

~1.3848F a?-~+,oins= 03 3.907CE 02 -2.5775F 03 2.4467E 03 -1.5074F 04

ROW 2 ,
1. 2779F. 04 8, B0TOF 93 9,3125F 03 - 7.3292E 03 —3.2459F-03 2. 9954F 03
640269F 02 3.61047 U2 -1.2902€ 03 2.1061F 03 2,5054F 03 -S. 2026€ 03

ROW 3
—‘3v3407n—31——4rb?84:-94——4145435—v4——%79159F~O4-4106£1F*03“—}11005F_04-
9.5293F 02 =1.,3%74% 03  3,6137F 03 1.0A53E 03 ~1.9027F 02 =9 6160F 03

ROV 4 . o _
~1.8075F N2 3485315-83—1, 31 276041 3855 04— -6 47$2F-03—- T2 6750 03 -
2.2545F 03 9.4208F 02 -T.7972F 02 3.4769F 03 4.53076 02 -5.36765 O3

RAW & , . , ‘
148052F 03 T 3127 -8 2-—F+ORBBE N3 8e9T3EE-D3— 1, 4628E—04-—1.580TF - 04
6. T4TSE 03 4.4561F 03 4.8626F 03 3,4428F 02 —2.91435 03 =1.0499E 04

RAw 6
"ﬁi.99+4‘mﬂn——ﬁrﬁ+ﬂ4ﬂ—ﬂg——%r0}1¥F—ﬂ4——+73§66F~94—~%18%93E*94——214650‘;64"
..2076‘ 13 1,.1710F N2 1. 1458F 04 ~3. 81868 03 -5 26685 03 -2.0492E 0%

ROW 7 ' :
- 4 45139F 0%~~5r1636=—9%——2r9?365 -03—-1--38582F.-03 ~ &1&?%05—04-—2 3748E8 03~
Q4%F7TE N3 1.0743F 3% 2.7479F 03 6,5230E 03 -2,7270E .02 5f3716F 03

ROW 8 ' . : o
B eIFILF D33y GTE2F- 03— T L HOCF—D3 =124 35503 3, 6QL2F—03-=2.,22 54 £-03.
9. Rﬁ?OE 03 1.2257F C4& 1,3906F 07 $.1378E 03  7.8693F 02 1.013°E 04

t

i /O4E : 53 . 01— 736098935, 97 O9RE—H3—
9.9091F 93 1.09N9E N4 . 1.84%3F N4 -2.3772€ 03 ~2.,9590F 03 =1.6397¢ 03

. ROMW 10 , S
L. 2789F 03 —1. 6501E--03— 2, 1304F03—3,5814E-33---345865E-02 —3,24T6F-03
2.6201F 73 2,3Q105 33 -3,2514F N3 1.33055 04 4,657 02 9.9479F 03

ROW 11
311 TIE-03 -4, 5142F 02- =9, 0CT5E—02 ~F+T212F-01 —1+18B0E- 0L - 3,3985F 02-
-1.5120F 03 -1,7400F 03 -4.4239F 03' 1.61406 03 1.0068F 04 -4, 0021F 02

PoW 12
b GRBRE A3 =2y 6} AI DR By DAL O3 25, 5151503 2. 43410 O3 9 5321 03
5 30%4: 03 5.43583% 03 1.0804% N4 l.4416F 04 ~6,29850 07 6.591ﬂ5 94

T VU AV ——aaaa - ¢ i

| zafvwalno D3-52L5
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e, 12 x 12 . | | " MACK 0.9

ROW 1 _ :
b HTHOE- 03 2, 5110F -93-—-G.8000F-02 — 300676 03-—8,544TE-02- -T.6876F-02
5.97055 02 5.2165F N2 1.5836F 03 ~8,2641F 92 =5.9306F 02 =5.0501F 03

ROW 2
25163 03- 2,22088 03— 14187TE- N3 - 1 ,19956-03 - 9.1100E-02 - T.0756E 02
8.4472F 02 71,9099 72 1.5921F 03 -4, 72008 02 =9, 49726F 02 -2.5257E 03

ROW 3
—wkr3904c—Q%~—L14l¥65—41——+78943F-44_—Lr515#1w93——¥r%?44F—ﬂ3-—+r3115F-03-
4. 0621F 92 303066 01 1.1437F 03 -1.5023F 02 -1.7745€ 02 -2 LE308E 03

ROW 4 .
1e3860F 02-1.3816F 33 —14H6IP2E 031448475 03— 1 F696E-03—1.4313F-03
6.5636F 02 3.7401% 02 1.1672F 03 =1.0574E 02 -3.7136F 02 -1.9534F 03

AON 5 - ' | | ,
L 8.33005..02 £, 4450E-32—-8,T54£1E-02-~}4D30LF-03—Fe4 270F23 --1.8431E- 03
T-T138F 02 4.2695E 02 1.2335F 03  5,3245% 01 4.2476% 02 -1.2735F 03

ROW & i '

—«9—34351—0%~—2~34+%F—93——+f+92&F—e%——+v+94+#—93——+16494¥*64——3—1oq&F_G}
2. Jaqar 02 -3,9782F 02 1.2212F 43 6,0135% 01 1.4%950E 03 -J.¢39 E 23
enW 7

8, 59&7FvOt__4w46245w32w¢47+?Lé?nﬂ2~m5r68355~02——4134{05wﬂ2w~4163065~02
£61€ 92 1,0700F 03 1.2667F 22 2,75995 02 9.45082F 01 1,9875% 03

RAW 8 : . .
~B,1020F 01— % ¢98HLE D2 Pt 2985 NJ—3,91 60502 —4+7 542502 =1, 5040F 02
L 15465 03 1.32885 03 1.1B0SE 03 3.2760F 02 -1.€335¢ 02 3. 1450€ 03

ROW 9
4, 04705-27—3 MMM%MW%—HéW
6,6239F 02 3, 73145 92 2.26426F 03 -4.4486EF 02 T.20640F 02 ~4.4370E 02

. —— e

ROW 10 :
=5,2670F 02-=3,0264F-21-- -248441F N2 - 2,0458F 02-—4.6411E- 01 —3,474RE -02

4.15T1E 02 5.4670°F 22 =2.1459E 02 1.1195E 03 3.,1808F 02 .5.2733E 03

ROW 11
5 42431F 07 B5.3401F (32 =Ll.?386F-02 —=3.5150E 01-—=T7,42¢1E- 02 —1.5144F 02
—T 1822F 21 ’.5077— N2 =7.67TN3E 02 3,2B097 02 9.8828C 02 ~1,%4873E 02

RNW 12
—-3165?3F~O%—-1744911—%%-+f84465—34—-¥r53¥9£—63~—476%%15—6%-—3v3611E~0}
=1.3251E 37 4,2814F 22 -2,5493F 03  1.,9991% (33 3,726%C 02 3.5435F 0%
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'03' 12 X 12 ' . . | MACH 0.9

ROw 1
4,20845 0] —1413125-01 - 150234502 -7,3483E-01--9-,1322E-01-- 1. T955F-02-
T.3411F 00 .~3.6712F 0l 1.S347F 02 -8.8734F Ol 9,7514F 00 -1.1926F 03

ROW 2 . R
24 4104E 012, TTIEE=DL —5,9243E N1 4,h520F 01T 110801 - 144314F 02
2.0951F 20 -3.0341F 01 9.6191F Ol —-4,4641F Ol -9,4333E 00 -6.8320F 02

RAW 3
by S66 A D0 4FGEE A1y 506 BE D br 5L AL E- DI — T a4 DT D02 3540 EmD] -
2.2395% 01 2.6160F N1 3.2509% Nl 1,3139% 01 4A.5945F 01 —4.,9411F N2

ROM 4 .
© 241070F 00—BLATOKE 00— 1o 2664 F 073006 E-0D0-—1,8186E—01---2,T042E OL
1.A508E 01 1.2356E Ol 4.3177F 21  2.7735E-01 3.5510F 01 -4.2638F 03

RAW S _ , ' , '
= 2e103TE D0 - 5.T262E-01-—1-48R5RF -0 1- =14 134AF-00—1.%T1TF 01 -3,94935F O1
1.6430F 01 2.6660F 01 6.3631F 00 2.104%% 01 6.2631E 01 —3 0430E 02

ROW &
——-Eri4745~ﬂ}-6r}%ié5—49——4744443—3+——41434&%—4%——&76#69c*G%——I:55305 02~
343337 01 Te3131F Ol =2.7148F 01  5,1730% 91 1. %986F 02 -+.b%9ﬁc 92

POM 7
1o 012BE N1~ 2, 75635 -30- 417 28R 01143402 F-01-—1s04O1E—0L 4 +6036 E-0 1
=6 0T73E N0 —1.61428 01 S,1142F 00  9,5926% 00 -2, 6226F 0l 8.3437F 31

ROW 9 _ ‘ | '
----- 1e72326 01225 .91 6 F -0 - —2-BT14F- 012, 4933E 01— 3. 88458 01-—5.0337E-01
-1.2303¢ o1 -3 “T97F 01 1.6180F 0L -2.974LF 00 —6.3892F O1 1.9230F 02
ROW A
5 4TORT 00—, 22052 013, 2}30F A} 3,93 » A4GE-D1-
-6.1943F N0  7.5835F 29 —5.1991F 01 5.6947t Ol 5.3721F 01 ~1.7449€ 02
RDW 10 . _
5.6282E 00— 1, 29168 A= -2 241560114244 F N1~ 254364581 - 5,1632F- 01
2.093%45 0D -9,0623% 39 4,0907F 0Ol -2.7750% 01 ~6.5485F Ol 4%,4993F 02

ROW 11 R
24 20145 01 =7, Q8058 0D -5, A326F-01-—34240F-OL 4 ,8875F 01--1-.1TI2E 02
2 07’85 01 —5.02?1F N1 4.2507FE 01 -4,8589% 01 =2,2G20F 02 -T.,943%F 01
ROW 12
—=5 S 57%ﬁwéG——%TS34&3“39——47+1+?F~94—~ﬂfAAQ51—99——8r16+55—99——+16++55~9¥~
=2, 77210 30 5.7185F=01 =1,7230F Q1 3.3579F 00 —6,1034F 00 1.,4791E 03
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ot 12 X 12 i o | MACH 0.9

ROW 1 - o |
1.96A1E 00 =4, 43756 00— 1v 14485 0L~ 65 T02LE- 30— Fo 1834 F=01- ~6+1262% 00
=3,3740F 20 -5.8744F 00  1,0261F D1 -1.4278F 01 -6.4003F=01 1.3524E 02

RQN .2 ‘ - '
<8989F=01 =9, 1740F-01--1,5322F 20 =2, 5339F 20-=4,0815€-00 ~1.5200E on
—T Yﬁ?ﬁr A0 =T.61465 N3 -1.6832EF 01 _6.£TIOT 00 -8,8228E 00 I.SBR“F 02

ROW 2

—— 21T 08 E—A0— 1 T T4 L= 553G I 2B~ %?Qﬁﬂ—nﬂ——zméﬁle—ﬁﬁ“w3 S 7096 5=k~
64 4604F 6N 6.10CRE D0 2.2304F 01 -1.1120E 01 2.3044F 01 -1.2194F 02
RAW 4

“1a34R1E A0 =4 ,73T7VE=0]——P3INGF DD~ 1.73958- 00 =3, OL]PE<O01 =-2.,4298¢ 00
2. 83407 00 3.150?FE 20 1.0124F Nl =4,2321F 20 1.2349F 01 ~-9.17T71E 0Ot

CRMW S '
4a D9TEE DO —4.26T9F 90— 4795F D1~ 1. 15805 01—-4 ,4207F 00 4.T157F 0C
7.86415 00 5.5979F 10 3.6458F 01 -2.2270E 01 1.1037F 01 -1.9330F 02

ROW & | - | L u )
“——9r3924°“ﬂﬂ”—??ﬁitﬁ?“0&“"%72%5&Fﬁﬁt——ﬁTﬁ?QTf—ﬁf——+7?GﬂﬁF—ﬁf**%Tﬁ?¢5E—ﬂﬁ——
2.2250F N1 1. 7782E N1 8,9803F 01 -5.3904% 01 2.7092F 01 —4.4391F 02

pPOW 7 :
= 2.94758-00 1+ TO8I 9)~G,0900F Q0 =T+ 22465 IN—-426973E-00 =3.2869F 00
~8.2440F N0 -5.860%F 01 -2,3960F 01 ‘1.6813F Cl -1.1028F O 1.1072F 02

ROW R ‘ - |
- =5.2301F 10 --3.3077F 99 =14 56437 H-= 1 28496~ 01— 7561 47600 =4, 9A50F 00
=1.42308 01 -1.1950% Ol -5.1215F D1 2.9A02E Ol =1.9108E 01 2.2751F 02

ROW 9 : o
e 253037 N2 R & E G AN RD PR AT 6 6 4 D02 0 5 S 6F— DI F L FEF—0——
=3.06315 10 -1.47045 00 ~1.4627F 31 9.8293E 00 -9.8874F 00 4.8635E 01

ROW 17 :
“Q, 4V ATF=N2 =0 ON2EE =Y =4, OS5 P} 1 -9 3L T E-D -~ 1“27709 DY 1.6T8TF=01-
~2.5566F 00 =2.6965F 1) ' =5.6495F 09 1.503%E 00 -2.9622F 00 1.7739F Ol

P 11
~haha19F D0 31645450 —1419323F-D1-=9 [ TREEE-N0D =3,4143F00-=1,5030F 00 -
*9.?813? 20 =7.99325 J0 -3,59368 01 2.2123% 01 -1.8260NE Q1 2.0794F 02

POW 12
;41l’C*“1—*%—+*4%-+4——¥76ﬂ%ﬁnﬁef—_i-4ﬁﬁ4F~99——5—5%4QF~06——% SAORE- O —-
=3 5411 0D =T7,30?23% 23 =2.,65956F 00 1,7380F 20 =3,9716F 00 9.0721F 01

‘a, 1 X 12

ROW 1 -
4.0000F=33 4, 3000F-I33—4, 00005~ 03 —4, J000F—03 - 4.0000F=03 - 4,0000F=03.
4.,0002F+23 4,.,00005-03 4.0D230E-01 4.0000E-03 4.00005-02 4.00005 03
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02 12 X 12 ' . . f” " MACH 0.9

RAW 1 - w
1.2121€ "1~ %40899F-At--wt 1258 E-0 2= A, 502 HE-D1=357 702801 —4372341F 01
~5,4279% 01 -3.72207 Ol -2.82323F N2 1.9683F 02 -1.3737E 02 3.8572€ 02

ROW 2 . |
5.3877F N0 3,2411F 9l-=A.7A83F 01 =5.2993F 01 =6,2804F 00 -3,1957€ 01
1.43408 01 2.37C0F 01 -7.7724F Ol  8.2420E Ol -1.2562€ 01 -7.7797¢ 01

ROW 3
=304 7Y EO ~?w¥1&%=—9-t——#*ﬁ‘??ﬁﬂ—ﬁi—ﬁ—w-"ﬁtw?~31ﬂ4=—6@——3—63ﬁOF——Pl* -
—1.8699F 01 -3.1764F 31 1.7772F 01 -3.3853F 01 =1.8733E 02 1.6401F 02

RO & : : , .
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3.0  B-52 ATRPLANE AWD AFROELASTIC MODEL RIDE CONTROL SYSTEM

Synthesis of forward fuselage vertical ride control (RC) systems
for a 375,000 pound gross weight B-52E airplane and the NASA one-thirtieth scale-
-B-52E asroelastic model are described in this section. Tdentical RC systems were
designed to obtain at least 30 percent reductions in airplane and model root mean
square (RMS) vertical accelerations at the pilot stations due to random atmospheric
turbulence, ‘ '

The airplane RC system will be flight tested on NB-52E, AF56-632
CCF flight test airplane and the model RC system will be tested in the Langiey
Transonic Dynamic Wind Tunnel. Test data will be evaluated and correlation between
the airplane and model RC system performances will be shown. '

3.1 Background and Introduction

_ A synthesis study was conducted under Contract NAS1-10885 in 1971

and 1972 to design a full fuselage vertical RC system for the NASA one-thirtieth

scale B~-52E aeroelastic model. Scaled airplane equations of motion without model

cable mount effects were used for the study. The e;gyatgr/ai}g;ggl_g;gvatpg[gggigggggl
. canards and elevator/horizontal canards/flaperon were the primary control surface
combinations investigated for this system. Results of this study are contained in
Reference 1L,

The forward fuselage RC syntheses presented in Section 3.3 were con-
ducted on the model using 25 degree-of-freedom equations of motion generated using
mass, stiffness and damping estimated from ground vibration test (GVT) data, Cable
mount effects were also included in the equations. ' .

The airplane and model RC systems were synthesized at the equivalent
test conditions shown in Table 3-I. Identical sensor/surface locations and types
were used for the two systems. Feedback gains were identical for the systems, but
signal shaping filter time constants were appropriately scaled for the model RC syatenm.
"Also, to account for differences in the airplane and model actuator dynamic character-
istics, a high frequency compensating filter was added to the model system.

Figures 3.1 and 3.2 show the airplane and model RC system performance,
respectively. The airplane RMS vertical acceleration at the pilot station is reduced
by 30.2 percent and model acceleration by 48.3 percent.

The airplane and model RC system compatibility is shown in Section
3.4, and the model canard mechanization is described in Section 3.5. '
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TABLE 3-I: AIRPLANE AND MODEL RC TEST CONDITIONS

Unit Airplane . Model
Gross Weight Pounds 375,000 . 56,7
Altitude Feet 5,400 | -
Density | S1ugs/Ft3 0.00202 |  0.008 (95% Freon)|
Calibrated Airspeed Knots 330 - |
True Airspeed Knots 356 : -: 65
Mach -— 0.548 . 0.218
Dynamic Pressure ‘ Lbé/F't2 365,& ‘- h8.l5 a
3.2 Airplane Ride Control Analysis

A ride control system was designed for a 267,000 pound gross weight
B-52E airplane under the Control Configured Vehicles (ccv) program. The same
system was analytically evaluated on a 375,000 pound gross weight, 5,400 feet -
altitude and 330 XCAS condition. The RC system signal shaping filter was modified
~to obtain the design goal of 30 percent reduction in vertical acceleration at the
pilot station. :

3,2.1 Mathematical Model

A 30 degree-of-freedom symmetric axis math model was developed for the
375,000 pound gross weight B-52FE airplane with Mach 0.6 aerodynamic parameters.
Unsteady aerodynamic effects were included in the math model and the final equations
of motion were written in the form shown in Section 2.2.

The symmetric distribution of vertical gust predicted by the von Karman
atmospharic turbulence model with characteristic gust length of 2,500 feet was
used in the analysis.

The horizontal canard actustor dynamics were represented by the:following
transfer function:

)

SURFACE _ (1.2) (45.6)(134000) Deg
V comuann (s + h5.6)(32 + 310 8 + 134000) = Volt
3.2.2 Ride Control Analysié

Figure 3.3 shows open loop power spectral density and cumulative root
mean square (PSD.RMS) plots of vertical acceleration at the pilot station (BS 172)
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due to random vertical gust, All airplane PSD-RMS analyses were conducted for a
frequency range of O to 80 radians per second. The units of the PSD- and RMS axes -
on the plots are (g's/ft/sec)2 /radian/sec and g's/ft/sec respectively. Table 3-II
-1ists the airplane rigid body and elastic modes significant to the vertical saccel-
erations at the pilot station. ' '

TABLE 3-IT: MODES CONTRIBUTING TO Z(BS172)

. Freguency
MODE Rad/Sec
Short Period - ) ©1.18
Elastic Mode 6 N S T
flastic Mode 8 19.4
Elastic Mode 10 33.0
Flastic Mode 11 36.0
Elastic Mode 16 58.2

Figures 3.4 and 3.5 are the PSD-RMS plots of the free airplane vertical
acceleration at the center of gravity (BS 860) and at the aft fuselage (BS 1655).

The ride control system shown in Pigure 3.6 was designed to improve ride
guality at the pilot station by obtaining at least a 30 percent reduction in IMS
vertical acceleration due to atmospheric gust., The system uses pllot station
vertical acceleration feedback to the horizontal canards through the signal shaping
filter to provide desired loop gain and phase characteristics. A root locus asnalysis
was conducted to design the feedback filter. Figures 3.7(a) thru 3.7(d) show the
effects of feedback gain and phase variations on the closed loop characteristic roots.
The root loci also show that the system is stable for at least + 6 dB gain and t 60
degrees phase variations.

Vertical acceleration at the pilot station of 0,0184 g RMS/foot per second
RMS gust was obtained with the RC system on, compared to 0.265 g RMS/fps RMS gust
with the system off, This represents a 30.2 reduction in RMS acceleration due to
atmospheric turbulence and, therefore, the system performance meets the design goal.
PSD-RMS plots of closed loop accelerations due to gust at Body Stations 172, 860
and 1655 are shown in Figures 3.8 to 3.10. RMS accelerations at BS 860 and 1655
are reduced by 10.0 and 4.2 percent, respectively. ' _

PSD-RMS plots of canard displacement and rate are shown in figures 3.11
and 3.12, Horizontal canard displacement of 0.724 degree RMS and canard rate of
7.5 degrees/second RMS are required per foot per second RMS gust.
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3.3 . Aeroelastic Model Ride Control System

The objectives of this analysis were to evaluate the appropriately
scaled airplane ride control system described in Section 3.2 on the B-52E eero-
elastic model equations of motion and, if necessary, modify the system to obtain
a minimm of 30 percent reduction in RMS acceleration at the equlvalent pilot
station. :

Fe3.1 Mathematical Model

Structural mass, frequency and damping date measured during the GVT .
of the modified model were received from NASA. Model modifications included
revised nacelle struts and wing tip tanks, and installation of control surfaces
and actuation systems. The cutboard nacelles were rev1Sed to match the model
and airplane flutter characteristics.

The measured mass, frequency and damping data were used to generate
-a 25 degree-of-freedom symmetric axis mathematical model. Cable mount effects
were included in the vertical translation and pitch degrees-of-freedom. The
equations of motion were generated with Mach 0.2k merodynamic loading and the
effects of unsteady aercdynemics were included. The finel equations of motion
were written in terms of Laplace operator "S" as shown below: '

([H+FC]$ +[D+r’vc]¢+[k+¢°v "¢, 1+ Pv ZL‘:[DK:I;?W e
s ev(rdeE Do o, Le®#1) wq. -0

where: q = Cable mount, model elastic and control surface
- degrees of freedom
ng = Jpanwise distribution of vertical gust at reference
station X = O
X, = Gust penetration distances from reference station X=0
v = Velocity of fluid relative to the model
p = Wind tunnel fluid density
3] = Lgplace operator
M, D, X = §Structural mass, density and stiffness
10 Cps 03 = Aerodynamic parameters
dps By = Lift growth parameters
DK’ RK = Aerodynamic parameters for unsteady 1ift
RO = Turbulence forcing funection coefficients
_ﬂﬂflﬂErNO. D3-9245
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Model fuselagé and wing station designations used. in this analysis are
in airplane scale, but all data is in model scale.

The von Karman gust spectrum representing vertical atmospheric turbu-
lence was used for the model excitation, but the characteristic gust length of the
spectrum was scaled down by a factor of 30 to make the gust speéctrum compatible
with model frequencies. The characteristic gust length of 2 ,500 feet was there-
fore scaled to 83.33 feet for the model analysis.

The canard actuation system was répresented by the second order trans-
fer function shown below, This transfer function wes obtalned from the messured
frequency response of the system,

SHoriz,Canard _ (250)2 3 deg
S¢ommend . - & + 2(0.3)(250) § + (250)°  °8
3+3.2 Model Ride Cpntrol System Design

Figures 3.13 to 3.15 show PSD-EMS plots of the open loop wvertical
accelerations at the pilot station (BS 172), mid body (BS 805), and aft body
(BS 1655) in atmospheric turbulence environment. All PSD-RMS analyses were con-
ducted for O to 350 radians per second frequency range. Two cable constraint
modes and the first sixteen elastic modes were included in the amalysls. Modes
listed in Table 3-III are significant to the ride quality at the pilot station.

TABLE 3I-IIT
MODES SIGNIFICANT TO RIDE AT BS 172
Mode Frequency
. Rad/Sec
Second Cable
Constraint 11.0
Elastic Mode 6 B0.0
" " 8 105.5
" " 10 - 180,0
" "o 205.0
" 1 15 285.0

. The analysis began with an evaluation of the scaled airplane ride
control (RC) feedback shaping filter with model actuator dynamics. The airplane
and model RC filters are given below: ‘
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Airplane Filter | 1 Model Filter
6.48 s3(k) 68 83 (eL.) -
(s+1)°(s +2)(5+4) (5+5.48)° (8 +10.96)(5 +21.92)

Gain root loci in Figures 3.16(a) to 3.16(c) indicate that the scaled
airplane filter worked satisfactorily on the lower frequency modes but, as shown
in Figure 3.16(d), system coupling with the higher frequency modes caused the
thirteenth and fifteenth elastic modes to be unstable at nominal system gains.

The adverse coupling with the elastic modes in the 240 to 3007rad/sec
frequency range was caused by increased feedback gain and phase introduced by the
lightly demped ({ = 0.3) second order cenard actuator dynamics. The system per-
formance can be improved to obtain a stable closed loop model by increasing the
actuator frequency to 300 rad/sec and the demping ratio to O.k. However, increased '
actuator frequency and damping ratic did not provide adequate gain- and ghase margins
as indicated by the root locus in Figure 3.17.

A high frequency compensation filter was added to the basic airplane
scaled filter to obtain pseudo airplane asctuator dynamies of a first order leg at
250 rad/sec. A block dimgram of the modified RC control system is given in Figure
3.18., Gain and phase root locus of the modified RC system in Figures 3.19(a) to-
3.19(e) indicate that the system provides #6 dB gdin margin and +60 and -50 degrees
prhase margin.

Pilot station vertlcal acceleration of 0,1223 g RMS/ft/sec RMS gust was
cbtained with the RC system off, but with the system on the acceleration was reduced
to 0.0632 g RMS/ft/sec RMS gust. Therefore, a reduction of 48,3 percent in acceler-
ation at BS 172 was attained. Accelerations at BS 805 and BS 1655 were also reduced
by 10 and 7.8 percent respectively. PSD-RMS plots of the closed loop accelerations
at BS 172, 805 and 1655 are given in Pigures 3.20 to 3.22.

Canard surface displacement of 2.66 degrees RMS and canard rate of
143,6 deg/sec RMS g per ft/sec gust were required to operate the RC system. Figures
3.23 and 3.24 show PSD-RMS plots of model canard displacement and rate.

Figure 3.25 shows effects of feedback gain variation on system perfor-
mance and on the required surface activity.
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3.4 Airplane and Model RC Compatibility -

This section presents a comparison between the open and closed loop model
and airplane characteristics., The basic airplane and model compatibility is shown
by comparing the open loop characteristic roots and the PSD-RMS plots of vertical
accelerations at the pilot station. The model and airplane RC system compatibility
is also established by comparing system performance and the.gain/phase root loeci.

3.h4.1 Free Airplane and Model Comparison

The airplane and model characteristic rcots significant to ride quality
at the pilot station are listed in Table 3-IV. The model rigid body dynamics include
effects of cable mass, tension and aerodynamic drag. The cable attach point effects
on the model pitch degree-of-freedom are also included. As shown by the character-
istic roots, some differences occur in the rigid body dynamics of the "free-flying"
girplane and the model suspended from cables in the wind tunnel. Frequencies of the
airplane and model elastic modes are almost identical, but damping ratios of the
model roots are somewhat lower than the airplane. I -

TAELE 3-TV

COMPARISON OF BASIC AIRPLANE AND MODEL CHARACTERISTIC ROOTS

- Model
Mode Alrplane Model Scale Airplane Scale
RB | -0.00187 + j 0.0992| -0.2 # j 1.51 -0.0365 + j 0.2755
RB -1.526 + j 1,182 | -5.55 * j 11.0 -1,013 % j 2.0

EM6 | -0.1127 + j 1h.54 | -0.672 £ j 80,0 -0.1226 + j 14.61

EM8 [ -0.238 *+ j 19.4 -1.547 =+ § 105.5 -0.282 % j 19.25
EMIO | -1.239 £ j 32,9 | -0.376 = j 180,12 | -0.686 = j 32.87
EMLL | -0.9138 + J 39.58 | -2.54 + j 204,6 | -0.462 # 3 37.33
EM16 | -1.8 + j 58,22 | -1,19 # j 285.0 -0.217 % j 52.0

The PSD-RMS plots of the airplane and model accelerations given in
Figures 3.3 and 3.13 indicate similar airplane/model dynemic responses to the atmos-
Pheric turbulence. Figure 3.26 compares open loop airplane and model accelerations
contributed by the elastic modes in 6.4-25, 25-L43, and 43 - 80 rad/sec frequency
ranges. Total acceleration at the pilot station is 0.0265 g RMS/ft/sec gust for the
airplane as compared to 0,0222 g RMS/ft/sec gust.for the model (airplane scale).

Comparing the characteristic roots and the PSD~RMS plots show that the
basic airplane and model are compatible.
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3.4.2 ‘Comparison of Airplane and Model RC Systems

The model RC system uses pseudo airplane actuator dynamics and, there-
fore, the system provides feedback compensation similar to the airplane system. As
shown by the gain/phase root loci in Figures 3.7(a) - 3.7(d) and 3.19(a) - 3.19(e),
the feedback gain and phase have the game effects on the airplane and model charac-
teristic roots. : : ' . '

Figure 3,27 shows a comparison of the augmented alrplane and model
accelerations contributed by the elastic modes in 6.k -25, 25-43, and 43-80 rad/
sec frequency ranges. Also, the horizontal canard displacements required for sat-
isfactory operation of the airplane and model RC systems are shown in Figure 3.28.
The model data in Figures 3.27 and 3.28 are given in airplane scale. Table 3~V
contains a comparison summary of the airplane and model accelerations with RCS off
and cn, and horizontal canard requirements for the two RC system operations.

TABLE 3-V

ATRPLANE,/MODEL RCS SUMMARY

- Acceleration : Canard'
at BS1l72 Canard Rate
g RMS/FT/SEC™T Displancement | Deg/Sec
Open Loop |Closed Loop | DEG RMS/FT/sEC™ | rMs/Fr/srerl

Airplane - 0.0265 0,0183 0.724 7.51
Model | o.1223 0.0632 2,66 143.6
Ratio ' _ '
Model/Airplane | L.62 3.45 3.67 - 19.12

Scale Factors . :
Model/Airplane | 5.48 5.48 5.48 30.00

SOEING|NO.  13.00l5
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3.5 Mbdel Horizontal Canard Mechanization

The B-52 aercelastic model was modified to add an electromechanical actu-
ation system for horizontal canards. Components for the system were selected to
meet performance criteria dictated by the two ride control systems to be tested.
The torque motor, potentiometer and tachometer were integrated into & .compact pack-
age to mount in the model fuselage near the canard surfaces at the model equivalent
pilot station. Actuation system performance was verified through dynsmic testing
with the system installed in the model, ' ‘

3¢5.1 Performance and Stability Requirements

Actuation system requirements were established to insure dynamic perfor-
‘mance te control model elastic modes up to 25 Hz. The desired performance and
stability are summarized below:

e System frequency response shall not exceed three dB atteﬂuétion and
45 degrees phase lag at 25 Hz for three degree amplitude ‘sinusoidal
command . .

® The motor-load resonance (dominant second order) shall have e nominel
damping ratio of 0.3. _

o BSystem shall be capable of producing at least 6 degrees amplitude up
to 20 Hz without power amplifier saturation.

e Canard surface deflection capability mist be at least +25 degrees.
® Peak torque at 19 degrees deflection shall be at least 5 oz-in.,
e Control surface hysteresis shall not exceed *0.20 degrees.

The first two requirements translate into a motor-load resonance at about 250 rad/
sec with 0.3 damping ratio. :

3.5.2 " Aetuation System Design

Electrome chanical components were selected to satisfy the performance
and stability requirements. A linear analysis was then conducted to evaluate per-
formance of the components selected using estimated surface inertia and hinge moment
loads. Parts were designed and fabricated to install the actuation system in an
area made available by removing the model data system components in the forward
fuselage, .

3.5.2.1 Component Selection

Characteristics of the components selected for the actuation gystem are
presented in Table 3-VI, as summarized from menufacturers' specifications. An
Aeroflex Iaboratories, Inc., TQ18-7H torque motor driven by a TA-42DC power ampli-
fier was selected as the torgue source. A New England Instruments 78ESBLO? poten-

EOEING N0, D3-9245
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CANARD ACTUATION SYSTEM DESIGN VALUES
DESCRIPTION SYMBOL |  VALUES | UNITS |
1. Torque Motor, TQ18-TH ‘ .
' Armature Resistance R, W8.0 ohms
Torque Sensitivity _ Ki 15,0 N l in—o_z/ainp
Motor Inertia T 6.7x10 ' in-oz-sec:2
. . in-oz
Viscous Damping D .0331 r_aci73e_c
Electrical Time Constant T, 2x 10-lF sec
Torque Output, Cbntihuorus T 8.0 in-oz
2. Power Amplifier, TA-42DC _
Output (Maximmm) Va(max) 22 vDC
Voltege Gain K, 10.0 volt/volt
Rated Load - 12.0 ohzns
3. Tachometer, TG10Y-5H .
Output Sensitivity -- .18 Volt
. . rad/sec
Rotor Inertia Iy bx 1077 in-oz-'..«slec2
4, Potentiometer, TBESBLO2
Resistance - 1000 ohms
Electrical Angle 340 deg
5. Canard Surfaces
Estimated Tnertia . P
(Including Linkage) I Yx10 in=oz-sec
Estimated Hinge Moment K. 0.15 in-oz/deg
BOEING|NO. D3-52us5
SECT 3.0 |PAGE . 136




v . ‘ .
tiometer was chosen to provide torque motor shaft angular positlon feedback signel
with an Aeroflex TGlOY-5H tachometer providing rate feedback reguired for stability.

The linearized electromechaniecal equatlons of motion for a{d.c..torqug
motor driving an inertia load have been derived previously (see Reference 2).. The
transfer function of motor shaft angular deflection due to amplifier voltage is:

Sh 57.3 Ky /Mo (T + T DE%voOLT
—~—(

e K.
Va $%: 4% BT ¢ - e

. X . .
i . .

where Kp = gp = 0.3125 in—oz/volt, and the other symbols are explained in Table 3-VI,

This transfer function is formed assuming rigid linkege between the shaft and the

surfaces and negligible friction. With component values from Table 3~VI, this trans-

fer function becomes: ' ' ‘

On gy o T006 x10" PE&yg T
(%) = :
A $3+ 5000 > + 1-a%s uos$ + r.oat ;:n:-ht

The system block diagram is shown in Figure 3.29.

The closed loop transfer funetion eM can be eaaily formed using block

diagram algebra, Vc
Sn 4 7.006x10°  PEG/voLT
" T8y 5000 4% + (1.R95 x10° + 7,006 x 109Ky ) § +(1.0a4 xi0¥ +7.006 x 10¥y)

The requirements specify a dominant second order response with undamped natural
frequency of 250 radians/second with 0.3 demping ratio. The gains required to pro-
duce this response can be determined by equating the closed loop characteristie
polynomial in terms of open loop parameters to the polymomial in terms of desired
response

£+ 50004%+ (1295 x10%+ 7.006 x10°K, 14 + (Lot x 10"+ T.00¢ « 10%K,)
($+a)($%+aluy ¢ + w:‘)=($+a.)($“+ 1504+ 6.25x10")

Solving the three simultaneous equations formed by equating coefflclents of like
powers of S produces the three unknowns:

Kp = 9.428 x 10-}+ volt/deg/sec, Ky = 0.433 volt/deg,

a = 4850 rad/sec.

BOEING|NO. D305
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v . . v
E : The feedback gains are reasonable and can be easily attained by scaling .
the potentiometer and tachometer outputs on an analog computer. Using the torque
motor transfer function, 6y (s)? the maximm amplltude attainable at 20 Hz can be -
-estimated. Assuming v pure simusoidal motion, the transfer function can
be written as :

S (1 - 7006 10T "°"T/DEG
| (Jur)3+5ooo(Jw)"+;aqsuo§(Jur)+10&% x 104

a.

and taking the amplitude only

,,,,,, — _

) 7.006 x10"  VO/DEG
[(1.02% x 10" - 5000Us** + (1,295 x 1058 ~ W32 I8

S ()
Va

At 20 Hz- this ratio is

lg"‘ (a.maoyl = .37% DPE&/yaiT

The power amplifier saturates at 22 volts, so the maximum amplltude ettainable’ at
20 Hz is .

O, (30 H2) = (FTH(A3) DEG - 19.23 DEG
X ) :

Thus, the amplitude capability is more than required.

The analytical evaluation of the components selected indicates that the
desired performance can be attained. Actual feedback gains required and actuation
system performance were established through dynamic testing of the system installed
in the model, :

3.5.2.2 System Installation

A photograph of the canard actuation system installed in the model is
shown in Figure 3.30, The model fuselage shell is removed in this photograph.
The canard surface shafts are located at Body Station 5.73 and Water Line 5.43,
equ1valent to the canard location on the CCV airplane. Canard surfaces of 8.4 and
10.0 ft2/side airplane scale were fabricated to be interchangeable, The smaller
surfaces are required for the model full fuselage ride control system and the other
set is used for the CCV forward body ride control system,

The surfaces, potentiometer and tachometer are driven through crank-
pushrod linkages by the d.c. torque motor. The linkages were assembled with mini-
mum friction and no perceptible mismatch between the rod ends and clevises. The

| SOEING|NO.  Dp3-0045
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surfaces are installed with the forward fuselage shell in place. The i~inch preci-

. sion shaft is bored on each end to accept the surface shafts. The ends of this

. 8haft are slotted and threaded so thatias the lockmits are tightened the surface
shafts are clamped inside the *-1nch shaft.

: During laboratory and wind tunnel testing, feedback loops were mecha-
nized on an FAT TR-U8 analog computer. Prior to wind tunnel entry a wiring harness
was installed in the model and umbilicals fabricated. to connect the model hardware -
with the analog computer and power amplifiers located in the tunnel control room,

3.5.3 Actuation System Performance

Performence of the actuation system was determined just after installa- -
tion in the model at Boeing and again with the model fully assembled immediately
before the wind tunnel entry at NASA. Testing was conducted to determine system
transient and freguency responses and hysteresis.

Position and rate feedback gains were set through examination of step
responses. With the rate gain set to give damping below 0.05, the position gain
was adjusted to give the 250 rad/sec undamped natural frequency, Then, rate gain
was increased to give the 0.30 damping ratio as determined by the percent overshoot
for a step command (assuming pure second order response). The final step responses
are shown in Figure 3.31 for a three degree command. The external commend is:

Volt

vV =K = (0.53 )(3 deg) = 1.59 volts.

¢ Y

The frequency response shown in Figure 3,32 was obtained with these
feedback gains, The response indicates an undamped natural frequency of about
262 rad/sec (41.7 Hz) with 0.29 damping ratio., No attempt was made to adjust the
gains to give more nearly the desired response. ’

Figure 3.33 shows a plot of motor angular displacement as & function of
commanded displacement. This plot indicates about +0,21 degrees hysteresis., The .
hysteresis was caused primarily by residual magnetism of the TQ18-7H torque motor,
with friction in the rod ends, potentlometer and bearings causing the remainder.
There was no perceptible backlash in the linkage so hysteresis at the surface
should be the same as at the motor shaft.
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4.0 B-52 ATRPLANE MANEUVER LOAD CONTROL SYSTEM

This section describes the 375,000 pounds gross weight B=-52E airplane
maneuver load control (MIC) system which will be flight tested under the CCV pro-
gram, Presently, the NASA one-thirtieth scale B-52FE model MLC analysis is being
conducted and the final model MLC system will be mechanized and wind tunnel tested
at the Langley Research Center to permit correlation of model and airplane test

results.

L.1 Introduction

The objective of this study was to design amaneuver load control system
to reduce wing root vertical bending moments per 1.0 g incremental maneuver by at
least 10 percent of the airplane structural design limit. Airplane and model test
conditions are given in Table 4-I. The airplane maneuvers will be truncated to
0.5 g and £0.25 g at flight conditions 1 and 2 respectively. Ramp and hold and
triangular column inputs shown in Figure 4.1 were used for typical alrplane man-
euvers in the analyses.

TABIE 4-T

ATRPTANE AND MCDEL MIC SYSTEM TEST CONDITIONS

Flight Condition 1 | Flight Condition 2
Units - Airplane’ Model Alrplane Model
Gross Weight Pounds 375000 | 56.7 375000 567
Altitude Feet 21000 - 21000 -
Calibrated
Airspeed KCAS 280 - 225 -
True Airspeed Ft/Sec 6h2 | 117.5 : 529 95.6
Mach - 622 0.2h7 .505 40.200
Dynemic Pressure Pounds/Ft2 253 U 164 .5 2.4
| Density Slugs/Ft> | 0.00122 0.00498 | 0.00122 0.00k98

The MIC system designed for the CCV program has been modified to pro=-
vide the desired bending moment reduction for the two airplane conditions. The
system utilizes the elevator, flaperon and outboard aileron control surfaces with
vertical acceleration at Body Station 860 and piteh rate af Body Station 810 feed-
back through appropriate signal shaping filters.
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Open and closed loqp airplane wing root bending moments .for 1.0' g
maneuvers with remp and hold and triangular inputs are given in Teble h-II.

TARLE 4-IT°

ATRPLANE WING ROOT BENDING MOMENTS

Inch Pound/g

Type of OPEN LOOP _ _ CLOSED LOOP

Column Flight Cond., 1 | Flight Cond. 2 | Flight Cond. 1 | Flight Cond. 2

Imput 280 KCAS 225 KCAS 280 KCAS 225 KCAS
Ramp and Hold -38.23 x 10§ -41.26 x 106 -24 .14 x‘106 -30.40 x 105
(Steady State : .

Loads)
e 6 . 6 L 6 | - 6
Triangular -34.41 x 10 -34.41 x 10 -31.24 x 10 -32.42 x 10
(Peak Ioads) ' : '
6

Since airplane structural design limit is 80 x 10" . inch pounds, the air-
plane MIC system was reguired to reduce the maximum wing root bending moments by at
least 8 x 1 inch pounds. From plots of open and closed loop wing root bending
moments versus calibrated airspeed in Figure 4.2, it is seen that the airplane MIC
system performance meets the design requirements at both test conditions,

L.,2 Airplane MIC Analysis

A maneuver load control system for 267,000 pounds gross weight airplane
was Cesigned under the Control Configured Vehicles (CCV) program. This MIC system
was initially evaluated on the heavy gross weight (375,000 pounds) airplane at test
conditions given in Teble L4-T. The system was then modified to obtain the required
wing root bending moment reduction of 10 percent of the structural design limit.

“h2 Mathematical Model

A 30 degree-of-freedom symmetric axis math model was developed for the
375,000 pounds B~52E airplane with Mach 0.6 aerodynamic parameters. Unsteady aero-
dynamic effects were included and the final equations of motion were written in the
form shown in Section 2.2. The elevator, flaperon and outboard aileron actuation
system dynamics given below were used in the analysis.

Elevator
erurface - 1'882 . - deg
Command 5 +1 +3224 1 volt
Lg 55
952
| SOEING|NO.,  13-9015
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-Flaperon
E’Surface _ Zéo de
Vv o S : 768 volt
Command (5l+l)( 2+—..E8T+1)-
181 .
Qutboard Ajileron
Ssurrace : :2'0 ” —~ deg
v (s £ =768 volt
Command (51 + 1)(200 + 500 + ]) . ‘

In addition, the open loop column imput to the elevator actuator was
applied through an electromechanical servo given by the following transfer function:

19/17 . eg
volt
\ ( & - s +]> .
8015 ) 8-15 . : . :

h.2.2, MIC Analysis

‘The MIC anelysis was conducted with the short period rigid body mode
and the first eleven elastic modes., Open loop time histories of vertical accel-
eration at the center of gravity and wing root (Wing Station 222) bending moments
due to ramp and hold and triangular irmputs were obtained. Figures 4.3 to k.6 show
the open loop responses for the 225 KCAS and 280 KCAS test conditions, Steady
state and peak wing root bending moments for a 1.0 g incremental acceleration were
calculated for ramp and hold and triangular inputs respectively. The open loop
loads are tabulated in Table L-IT. :

_ The MLC system in Figure 4.7 was evaluated on the heavy gross weight
airplane with system gains selected for the 267,000 pounds gross weight airplane
but the nominal system did not provide satisfactory wing root bending moment re-
duction. Therefore, a prefilter crossfeed gain (Kc } and washout time constant
(1) variation study was conducted. Figures 4.8 and 4.9 show effects of crossfeed
gein and washout time constant on system performance. The column gain (Kn) was

“computed to obtain steady state 1.0 g accelerstion for & 6 degree column imput with
MLC off and the elevator gain (Kg) was calculated to obtain similar 1.0 g steady
state closed loop airplane response with the flaperon and outboard aileron gains
(Xp and KA) at 10 degrees/g. Final system gains for both test conditions are given

in Table L4=-TII. -
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. TABIE L-TTT
MLC SYSTEM PARAMETERS

Test ' : — N
| Condition | KEL Kp , K AKB ' ,KU C '_KCE T

(28% KCAS) h-24 | 10 | 10 | 0,290, 72 | 2 0;19  5':
'(222 KCAS) 438 | 10 | 10 | 0.36|1.23| 2| 0.k | 5

Figures 4.10 to 4.17 show closed loop airplane responses for ramp and
hold and triangular inputs at both test conditions. Bending moments at Wing Sta-
tion 222 for & 1.0 g incremental acceleration were calculated. ~Table L4-II lists
these closed loop loads at the wing root. . ’ L

Maximum open loop wing root bending moments of L1.26 :h'106 ineh
pounds steady state per g are obtained with the ramp and6hold column imput. The
MLC system is reguired to reduce maximum loads by 8 x 10° inch pounds per g.
Therefore, the closed loop bending moment mist not exceed 33.26 inch: ‘pounds per g.
Figure 4.2 indicates that the airplane MIC system reduces the closed 1oop loads
below the requlred limit at both test conditions. .

4,3 Remaining Work

Initlal model analysis was conducted with the alrplane MLC filter time
constants appropriately scaled and the column and elevator (K, and K.) gains come
puted to obtain a 1.0 g steady state maneuver for 6 degree column infuts with MIC
off and on. The results indicate that due to the differences in the rigid body
dynemics of the "free-flying" airplene and the cable constrained model, the air-
plare and medel responses to the ramp and hold and triangulear column inputs are
considerably different. The model steady state and pesk loads per 1. 0 & meneuver
could not be calculated from the model responses.

Further analysis shcﬁld therefore be'conducted to define column inputs
which would generate acceptable model and airplane responses., Also, if necessary,
the scaled airplane MLIC system should be modified to obtain the required MLC

performance,
\
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FIGURE 4.15
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